This paper presents the compliant contact-aided revolute (CCAR) joint, a planar mechanism capable of performing the functions of a bearing and a spring. The pseudo-rigid-body model is used to predict the behavior of the CCAR joint, and this model is validated through the use of finite element analysis and prototype testing. The CCAR joint is shown to have high maximum rotation and lateral stiffness. A case study is presented, and manufacturing considerations are discussed for the macro, meso, and micro scales.
Introduction
Bearings and helical springs are traditional mechanical elements commonly used in machine design.
Helical springs are used to provide energy storage or reaction to a force or torque. Bearings use either sliding contact or rolling elements to constrain lateral translation while allowing rotation between two rigid parts.
Sliding contact bearings such as bushings are composed of as few as two parts, making them simple to manufacture and assemble. They can have high energy loss, however, due to friction between the sliding surfaces. Rolling-element bearings have much lower friction, yet typically have from 10 to 30 parts, increasing manufacturing costs and assembly time. Both types of bearings usually need lubrication to reduce friction and remove heat. They can also suffer from backlash [1] .
An increasing number of mechanical systems are being designed on the micro and meso scales, but the minimum size of traditional bearings and helical springs is limited. Fabrication methods at these scales are usually limited to planar geometries, and assembly and maintenance become increasingly difficult as the size of mechanisms decrease. The backlash of bearings also limits their usefulness in applications where high precision and repeatability are needed. At small scales and for high precision applications, alternative, nontraditional elements are needed.
These non-traditional elements should retain the functions of their traditional counterparts. To perform the function of a helical spring, a component must be able to produce specified torque/motion requirements. Components performing the function of a bearing must permit sufficient motion about the axis of rotation, bear specified loads in lateral directions, and fit within roughly the same design space as a bearing.
The compliant contact-aided revolute joint
The compliant contact-aided revolute (CCAR) joint, shown in Figure 1 , is described in this paper as a means of addressing the needs discussed above. The CCAR joint consists of multiple flexures, fixed at one end (Point B), and free at the other (Point A). The free ends of the flexures are constrained by the cam surface of the gauge pin. The cam surface has a constant radius of curvature, R c , with its center located at the Point C. The contact surfaces also have a constant radius of curvature, R s , and interact with the flexures.
Deflection of the flexures allows the CCAR joint to rotate, and provides a restoring torque. As the flexures deflect they come into contact with the contact surfaces. The contact surfaces constrain the flexures to have a constant radius of curvature along the contacting segments of each flexure. The geometry of the CCAR joint is planar, allowing it to be manufactured at smaller scales using planar fabrication methods.
The number of flexures used in a CCAR joint depends primarily on the rotation and the torque characteristics desired for the design. The maximum possible rotation of the joint increases as the radius of the cam surface, R c , increases. If R c is too large, however, the number of flexures must decrease, and fewer flexures will decrease the torque. A general guideline, therefore, is that more flexures should be used for CCAR joint designs requiring high torque and small rotation, and fewer flexures for designs requiring low torque and large rotation. This paper gives a review of existing compliant revolute joints, and discusses principles that are used to achieve enhanced performance for the CCAR joint. Models for predicting the behavior of the CCAR joint are developed, and methods for its manufacture discussed. Finally, a case study for the application of the CCAR joint is presented.
Backround

Compliant revolute joints
Compliant mechanisms gain at least some of their mobility from the deflection of flexible members [2] instead of from the relative motion between separate, rigid parts. They can often be made in one piece, reducing the part count of a mechanism, simplifying its assembly requirements, and making them easy to miniaturize. Compliant mechanisms are also capable of reducing or eliminating the friction, wear, and backlash associated with traditional joints.
Compliant components that perform the function of bearings fall under a class of mechanisms known as compliant revolute joints. Moon et al. [3] have suggested that five criteria be used in comparing different types of compliant revolute joints: (1) range of motion, (2) amount of axis drift, (3) ratio of off-axis stiffness to stiffness about the axis of rotation, (4) stress concentration effects, and (5) compactness of the joint. They also provided a qualitative comparison of some of the existing compliant revolute joints, rating each joint as 'poor', 'normal', or 'good' for each of the five criteria.
Notch-type joints were first described by Paros and Weisbord [4] . Methods that use leaf springs to create a revolute joint are described in [5] [6] [7] [8] , and methods using circular leaf springs are described in [7] . The split-tube flexure introduced by Goldfarb and Speich [9] and the cross-type joint introduced by Moon et al.
[3] gain their motion from deflection of elements in torsion.
To replace a bearing, a compliant component should permit a large range of motion about the axis of rotation, have a high stiffness in lateral directions, and be compact enough to fit within the same design space as a bearing. These objectives correspond to the criteria 1, 4, and 5 of Moon et al. The only joints that are rated as at least 'normal' or above in all three of these criteria are the two torsional joints in [3] and [9] , and none of them are rated as 'good' in all three.
Contact-aided compliant mechanisms
Contact interactions can be used to improve the performance of a compliant revolute joint. Mankame and Ananthasuresh [10] have shown that contact-aided compliant mechanisms-compliant mechanisms that use contact interactions with external bodies or with different parts of the mechanism itself-can have enhanced functionality when compared with traditional compliant mechanisms. The flexible members used in traditional compliant mechanisms are typically constrained by boundary conditions at their ends. Examples include a cantilever beam with a force at the free end, a beam fixed at one end and guided at the other, or a beam that is pinned at both ends [2] . Beams that contact other elements along their length have the potential of creating favorable behaviors that might not be achieved by beams constrained only at their ends.
Contact-aided compliant mechanisms can have an improved ability to bear lateral loads. Guérinot [11] has demonstrated that the contact of rigid elements in a joint can divert a compressive load away from buckling-prone flexible segments. Contact interactions can also increase the maximum possible deflection of a compliant beam [12] .
Chironis and Sclater [13] presented a concept where a cantilever beam is placed adjacent to a constant radius surface. As the beam deflects, a portion of the beam comes into contact with the surface. This type of contact interaction increases both the deflection of the beam and the beam's resistance to buckling.
The design introduced in this paper uses a similar concept to increase the rotation and lateral stiffness of a compliant revolute joint.
Modeling
As the CCAR joint rotates, the flexures come into contact with the opposing contact surfaces. Figure   2 represents a flexure in contact with a constant radius surface. The length of beam in contact with the surface is measured by the variable s θ , which increases with the rotation of the joint. This contact interaction will be developed by first analyzing the contacting segment of the beam, and then analyzing the non-contacting segment.
Contacting segment analysis
Contact of the beams with the surfaces creates well defined moments in the beams due to the relationship between the radius of curvature of a beam and the moment. This relationship is derived from the Bernoulli-Euler equation, which states
where E is the modulus of elasticity, and I is the moment of inertia of the cross section. the material is linearly elastic, homogeneous, and isotropic, 2) the transverse-shear component of deflection is small compared to that due to bending [1] , and 3) the beams are thin, so that the neutral axis can be assumed to be coincident with the centroidal axis even for initially curved beams [2] . The effective radius of curvature of the beam is equal to
Some beams may have an initial curvature in their undeflected state. The effective radius of curvature takes into account any initial curvature of the beam using the equation
where R s is the radius of curvature of the surface constraining the beam's shape, R 0 is the beam's initial radius of curvature, and the beam's thickness is assumed to be small compared to R s . If the beam is initially straight (
Substituting equation (4) into equation (1) gives
When a beam is in contact with a surface that has a constant radius of curvature, the radius of curvature of the beam is also constrained to be constant, as in Figure 3 (a). Equation (5) predicts that this constant radius of curvature throughout the beam will create a moment that is also constant along the beam length. This means the segment has the same behavior as a beam with a moment applied to the free end, as shown in Figure 3 (b).
The maximum stress in a rectangular beam in bending is equal to
where h is the thickness of the beam. Because the moment is constant along the length of a beam in contact with a constant radius surface, equation (6) predicts that the stress will also be constant along its length. This constant stress is given by substituting equation (5) into equation (6):
Thus the maximum stress in the CCAR joint depends only on the modulus of elasticity of the chosen material, the thickness of the flexure, and the effective radius of curvature.
Initially, as the CCAR joint begins to rotate, the moment at the base of the beam will be less than the moment in equation (5) . In this condition, the beam acts as a traditional cantilever beam, with s θ being equal to zero. Contact with the surface is initiated once the moment at the base of the beam becomes equal to the moment in equation (5), and the length of the contacting segment will increase with additional rotation after initial contact occurs. The contacting segment has the same behavior as a beam with a moment applied to the free end, as shown in Figure 4 .
The maximum stress for the beam is found in the contacting segment, and can be found using equation (7).
Non-contacting segment analysis
The non-contacting segment can be treated as if it were rigidly attached at its base to the contact surface, as shown in Figure 5 , with the condition that the moment at the base of the non-contacting segment equal the moment in the contacting segment, as defined by equation (5) . The non-contacting segment can be modeled using the pseudo-rigid-body model (PRBM) [2] , as shown in Figure 5 .
The PRBM is a method for analyzing systems that undergo large, nonlinear deflections. It treats a compliant segment as if it were two rigid links pinned together, with a torsional spring at the pinned joint.
This approximation can give very accurate results, predicting the position of the end of the beam with an error of less than 0.5%. The PRBM allows compliant mechanisms to be analyzed as if they were rigid-link mechanisms. Traditional rigid-link mechanism theory can be used to determine the motion and forcedeflection relationship of a compliant mechanism. More details on the PRBM can be found in [2] .
The length of the non-contacting segment of the beam is 
Kinematic analysis
Using the pseudo-rigid-body model for the beam, the mechanism can be modeled as a rigid-body four-bar mechanism, as shown in Figure 6 . The cam surface of the gauge pin can be modeled kinematically as if there were a link connecting Point A and Point C. This is link 4. Link 3 is the PRBM link of the noncontacting segment of the beam, and link 2 connects the PRBM link to the center of the mechanism. Both link 2 and link 3 change lengths as s θ increases. Link 1 connects the center of the mechanism with the center of the cam surface arc. The following parameters are used in the derivation of the link lengths and angles, as shown in Figure 7 :
The link lengths are given by the following equations: where n b is the number of beams in the mechanism, and F is the force acting on the beam as predicted by the PRBM.
Sensitivity analysis
The output torque of the CCAR joint is a function of the flexure thickness, h, and the radius of the cam surface, R c . The manufacturing tolerance is generally given as a surface profile tolerance [14] , so maximum change in the radius of the cam surface, ΔR c , is equal to the tolerance. The flexure thickness, however, involves two surfaces; therefore the change in flexure thickness, Δh, is equal to twice the tolerance value.
The nominal condition is shown in Figure 8 
Lateral load analysis
The CCAR joint must be capable of withstanding lateral loads. When placed under lateral loads, some of the beams are placed into compression and must be able to support the load without buckling. This condition is over eight times more resistant to buckling than the fixed-free condition. A conservative approximation assumes that the load is borne by a single beam, in which case the critical load is 
Should the lateral displacement ever reach the maximum allowable value a secondary stop ( Figure 9) is provided between the contact surface and the outside pin surface. This would prevent additional displacement, though it would also introduce friction between the two surfaces under that extreme loading condition.
Model validation
Validation of the PRBM analysis was done using finite element analysis (FEA), and by testing a macro-scale prototype. The torque-deflection curve for the macro-scale design was found using the PRBM analysis. The torque-deflection curve was also found using a commercial FEA program, ANSYS, as shown in Figure 10 . The FEA mesh included 2671 nodes, and used the PLANE183 element, a higher order 2-D, 8-node element. The PLANE 183 element has large deflection and large strain capabilities, is well suited to modeling irregular meshes, and has two degrees of freedom at each node (translation in the x and y directions) [15] . Two degrees of freedom were sufficient for the CCAR joint analysis, and at least two dimensions were necessary for the creation of contact elements. TARGE169 and CONTA172, 2-D contact elements, were used to model the interaction between the flexure and the pin, and between the flexure and the contact surface.
The flexure was constrained to have no translation at its fixed end, the contact surface was constrained to have no translation along its bottom edge, and the section of the pin was constrained to rotate about the pin's center. A force was then applied to the pin, creating a torque, and the resulting deflections and stresses were computed. A physical prototype (Figure 11 ) was manufactured and tested. Figure 12 shows the test results. The PRBM and FEA predictions are very close, and have a maximum difference of only 5.4%. More variation (up to 35.6% error) is seen in the measured values. This variation is most likely due to the variation and nonlinearity of the material properties of polypropylene and to machining tolerances.
Manufacturing and assembly considerations
Designs have been developed on three different scales. Prototypes of concepts are done on the macro scale, designs for the case study, discussed later in this paper, are done on the meso scale, and application of concepts on the micro scale have also been investigated. Table 1 lists the processes, materials, and design parameters associated with each of these scales.
Computer Numerical Control (CNC) milling was used to create macro-scale prototypes. The meso devices were designed for fabrication with micro wire electrical discharge machining (EDM) [16] . The Sandia Ultra-planar, Multi-level MEMS Technology 5 (SUMMiT V) fabrication process is the surface micromachining process used for the micro devices [17] .
The minimum feature thickness and kerf width parameters constrain the geometry of a part. The thickness of a flexure, for example, cannot be less than the minimum feature thickness. Kerf width constrains the allowable distance between features of a part. Spaces between features must be greater than or equal to the kerf width. For CNC milling, the kerf width is equal to the diameter of the end mill. For micro wire EDM it is equal to the diameter of the wire plus an offset from that diameter, and can vary from 0.061 up to 0.091 mm, depending on the thickness of the material being cut. For a 2.9 mm thick part (the thickness of the parts used in the CCAR joint case study) the wire kerf is estimated to be 0.076 mm. The kerf width for the SUMMiT V process is not associated with a tool dimension, but is the minimum distance needed to ensure fabrication of separate features.
The minimum inside radius of a part is also constrained by the kerf width, and must be greater than or equal to one half the kerf width.
Removed sections of a contact surface
For a beam that is either initially straight or has a constant initial curvature, and is in contact with a surface of constant curvature, the following principle applies: if a section of the contact surface is removed, the beam segment corresponding to that section will retain the shape of the contact surface so long as a subsequent segment of the beam is still in contact with the surface.
The proof of this principle is as follows: the radius of curvature in the contacting segment is constrained to be constant, as shown in Figure 13 (a). Equation (5) predicts that this constant radius of curvature will create a moment that is also constant along the segment length. For an initially straight beam
This moment is transferred to the end of the segment corresponding to the removed contact surface, as shown in Figure 13(b) . With an applied moment, the effective radius of curvature will be constant along the length of this segment of the beam. By rearranging equation (5) The segment of the beam corresponding to the removed contact surface has the same constant radius of curvature as the section that is in contact with the surface.
Manufactured configuration
The principle of removed sections is important because the kerf widths for the CNC mill and micro wire EDM processes, as given in Table 1 , make the CCAR joint configuration shown in Figure 1 Once assembled, the beams and contact surfaces in this configuration have the same geometry as those of the configuration in Figure 1 , except that sections of the contact surfaces are removed, as shown in Figure 15 . When the beam in Figure 15 (a) is in contact with the surface subsequent to the removed sections, it has the same behavior as the beam shown in Figure 15(b) , where the contact surface extends to the base of the beam. The beams also have the same behavior at the beginning of rotation before either beam makes initial contact with the surfaces. The only difference between the two configurations is that the beam in Figure 15 (b) will initiate contact with the surface earlier in the rotation of the joint than the beam in Figure 15(a) . The behavior will vary slightly during the period.
The exterior beams connecting the sections of the CCAR joint are initially curved, and then constrained to be straight after assembly. Equation n , the safety factors against yielding for the exterior beams and for the latch, respectively, can be close to one because these beams only deflect during assembly, and then are fixed in place by the mating hole for the CCAR joint.
The kerf width for the micro-scale design is small enough that the CCAR joint can be manufactured in its operational configuration.
Case study
The Stronglink
Sandia National Laboratory's Stronglink assembly, shown in Figure 16 , is used as a case study for this research. The Stronglink is a high precision safety and arming device used to provide mechanical isolation between electrical inputs and a desired output, preventing unauthorized or unintentional detonation of a weapon [16] . The entire assembly is 30 mm in diameter, and future Stronglink designs will be made at even smaller scales. The Stronglink's components include two solenoid actuated rotors, the drive rotor and the gate rotor. Both the rotors have helical extension springs to provide a restoring torque, and use rolling-element bearings to constrain lateral translation. Functional specifications for the rotors are given in Table 2 .
Components used in the Stronglink only undergo a few cycles in their life, and therefore fatigue is not a mode of failure. Due to the nature of the Stronglink's function as a safety and arming device, however, every component in the assembly must have very high reliability. Because of the assembly methods required to install them, the helical springs create a reliability concern. The springs have wire diameters ranging from 50 to 100 micrometers. The helical coils are wound using semi-automated production equipment. The hooks at the end of the springs, however, are formed by hand with tweezers and pliers, and the springs are manually assembled into the Stronglink. These manual operations can nick or flatten the wire, creating areas of high stress that may lead to failure [16] .
The bearings used in the Stronglink are the smallest commercially available miniature bearings with an outer diameter of 2.54 mm. As the size of the Stronglink decreases in future designs, the size of the bearings are not able to decrease with it. Alternative solutions are needed, and the CCAR joint is an ideal candidate for replacing both the bearings and helical springs with a single part. Table 3 lists the dimensions used for the drive and gate rotor meso-scale designs, and Figure 17 shows the scaled polypropylene prototypes of these designs. The drive rotor CCAR joint has more flexures to increase its torque, and the gate rotor design has less in order to increase its rotation. Table 4 lists the results. The nominal torque curves closely match the torque requirements. The nominal maximum torque is equal to the desired maximum torque for both the designs. The nominal minimum torque for the drive rotor is 98% of the desired value, and for the gate rotor it is 94% of the desired value. The upper and lower bounds for the maximum torque range are calculated based on a surface profile tolerance of ± 0.00508 mm, as listed in Table 2 . They range from 56% to 194% of the desired value for the drive rotor, and 44% to 195% of the desired value for the gate rotor. Figures 18 and 19 show the nominal torque-deflection curve as well as the lower and upper bounds for the torque. As the flexures contact the adjacent contact surfaces, the torque-deflection relationship becomes very nonlinear. In these designs, however, the radii of the contact surfaces were decreased, resulting in the flexures contacting a smaller percentage of the surface at the maximum rotation of the joint (indicated by the "% of Surface Contacted" values in Table 4 If the flexures in the upper bound condition contact the entire surface before reaching the maximum rotation position, then the joint will be unable to complete its specified rotation. This is illustrated in Figure   20 . The design used in Figure 20 has a large contact surface radius, and in the nominal condition the flexures contact 66% of the surface at the maximum rotation of 22.85 degrees. In the upper bound condition, however, the flexure contacts 100% of the surface at only 21.35 degrees of rotation. The torque is very high, and the joint is unable to rotate the full 22.85 degrees.
Case study results
This problem is avoided by lowering the contact surface radius in the drive and gate rotor designs.
The cost of doing so is that the safety factors are lowered as well. The lowest safety factor is in the upper bound condition of the drive rotor, which has a safety factor against yielding that is just above 1. Exceeding the yield strength of the material, however, would only result in some local deformation in the flexures, and not in catastrophic failure. Flexure deformation would lower the output torque of the joint. In the upper bound condition this would bring the output torque closer to the desired torque values, and would not be detrimental to the design. The lower bound condition, where decreased torque would be most problematic, also has the highest safety factor. Table 4 lists the values for l δ , the maximum lateral displacement. These values do not represent the actual displacement due to the lateral loads given in Table 2 , but represent the maximum possible displacement before the contact surfaces constrain further deflection and lateral displacement. The actual displacement is most likely less than this value. The drive rotor joint has a nominal maximum lateral displacement equal to the maximum allowable displacement specified in Table 2 . The nominal maximum lateral displacement for the gate rotor joint is almost twice the maximum allowable value.
Should the actual lateral displacement reach the maximum allowable value, the secondary stop between the outer surface of the pin and the inner surface of the joint would prevent further displacement. The nominal distance between these two surfaces is equal to the maximum allowable displacement, 0.0254 mm. If the surfaces contact, some of the load would be transferred from the flexures to the surface, constraining further deflection but introducing some friction.
Conclusions
A unique joint capable of replacing both bearings and springs has been presented, and a model for predicting its behavior developed and validated. The CCAR joint can be made using planar fabrication methods, and is easily scaled. By the Moon et al. criteria [3] discussed earlier, the CCAR joint rates "good" in all five criteria. The contact interactions in the CCAR joint increase the maximum rotation of the joint and increase the lateral stiffness, while allowing the joint to remain compact enough to fit within roughly the same space as a bearing. Axis drift is minimal, and the maximum stress is evenly distributed along the contacting segment of the flexures, so there are no stress concentrations.
The CCAR joint is able to meet the demanding design constraints of the Stronglink case study. The nominal torque values closely match the torque requirements, the nominal lateral deflection is within the allowable range, and the available design space is not exceeded. Nominal safety factors against yielding are 1.15 for the drive rotor, and 1.39 for the gate rotor. 
